The vitamin A metabolite, retinoic acid (RA), is well known for its roles in neural development and regeneration. We have previously shown that RA can induce positive growth cone turning in regenerating neurons in vitro. In this study, we address the subcellular mechanisms underlying this chemo-attractive response, using identified central neurons from the adult mollusc, Lymnaea stagnalis. We show that the RA-induced positive growth cone turning was maintained in the presence of the transcriptional inhibitor, actinomycin D. We also physically transected the neurites from the cell body and showed that isolated growth cones retain the capacity to turn toward a gradient of RA. Moreover, this attractive turning is dependent on de novo local protein synthesis and Ca 2ϩ influx. Most of RA's actions during neurite outgrowth and regeneration require gene transcription, although these data show for the first time in any species, that the chemotropic action of RA in guiding neurite outgrowth, involves a novel, nongenomic mechanism.
Introduction
Retinoic acid (RA), the active metabolite of vitamin A, plays diverse roles during development and regeneration, including patterning of the nervous system and neurite outgrowth (ClagettDame et al., 2006; Maden, 2007) . In particular, RA potentiates outgrowth from embryonic spinal cord, dorsal root ganglia, and cerebellum in vitro (Wuarin et al., 1990; Yamamoto et al., 1996; Corcoran et al., 2000) as well as from adult newt spinal cord (Dmetrichuk et al., 2005) . In addition to potentiating outgrowth and regeneration, RA appears to exert tropic effects to guide neurite outgrowth from dissociated chick neural tube cells (Maden et al., 1998) and newt spinal cord explants in vitro (Dmetrichuk et al., 2005) .
RA's primary mode of action involves signaling through nuclear receptors, the RA receptors (RARs) and the retinoid X receptors (RXRs). When bound, these receptors dimerize, acting as transcription factors. Gene products under the control of RA include those involved in neurite outgrowth, such as neuron navigator 2 (Muley et al., 2008) , NEDD9 (Knutson and Clagett-Dame, 2008) , neurotrophins and even the retinoid receptors themselves (Mey and McCaffery, 2004) . However, RA has also been proposed to exert nongenomic actions, either via activation of extra-nuclear retinoid receptors or by direct interaction with other signaling molecules (Ochoa et al., 2003) .
It was initially thought that RA signaling was a vertebrate innovation. Recent evidence, however, suggests a more primitive origin, as RA also plays a role in other bilaterian animals (CampoPaysaa et al., 2008) . We also demonstrated a conserved role for RA in the induction of neurite outgrowth from adult molluscan neurons in culture (Dmetrichuk et al., 2006) and have demonstrated the presence of RA in the molluscan CNS . Moreover, we have cloned the RA synthesizing enzyme, retinal dehydrogenase, from the mollusc Lymnaea stagnalis (C. J. Carter, G. E. Spencer, unpublished data; GenBank Accession No. FJ539101), as well as an RXR receptor with 80% amino acid homology to the vertebrate RXR␣ (C. Carter, R. Carlone, J. Dmetrichuk, G. Spencer, unpublished data; GenBank Accession No. AY846875) . Using cultured neurons from Lymnaea stagnalis, we previously showed for the first time in any species that individual growth cones are attracted to and turn toward a source of exogenously applied RA (Dmetrichuk et al., 2006 . In this study, we have now investigated the subcellular mechanisms underlying the RA-induced chemo-attraction and provide unique evidence that growth cone turning toward RA is transcriptionally independent and involves a novel mechanism requiring local protein synthesis and Ca 2ϩ influx.
Materials and Methods
Cell culture. Lymnaea stagnalis, bred in our laboratory, were kept in open air tanks containing artificial, aerated pond water (5 g/L; Instant Ocean Sea Salt). Animals used for cell culture ranged in size from 20 to 25 mm. All cell culture procedures were performed in an identical manner to those described previously (Dmetrichuk et al., 2006 . Briefly, individually identifiable neurons were removed from dissected CNSs and were plated on poly-L-lysine-coated culture dishes containing brain conditioned medium (CM) and RA to promote neurite outgrowth (Dmetrichuk et al., 2006 . CM was prepared by incubating 10 CNSs in 6 ml of defined medium (DM) for 3 d, allowing (unknown) trophic factors to be released into the DM. CM was used to promote neurite outgrowth, as DM alone does not contain any growth factors. Pedal A (PeA) ciliary motoneurons and Visceral F (VF) neurons were used in this study, and all cell cultures were maintained overnight in a dark environment at 22°C.
Growth cone turning assays. After 18 to 24 h in culture, individual neuronal cell bodies had extended regenerated neurites. Before each growth cone turning assay, individual growth cones were monitored to ensure active outgrowth that was uniform in speed (m/min) and direction. Growth cones exhibiting a variable growth trajectory were not used. All-trans RA (10 Ϫ5 M in the pipette) was applied to the individual growth cones using a pressure pipette (Eppendorf-Femtojet; 4 -8 m) placed ϳ50 to 150 m from the growth cone. Pressures between 5 and 12 hPa were used to apply RA, while holding pressures of 1-2 hPa were used during rest periods to prevent backflow of bath solution. The concentration of RA at the growth cone was likely 100 -1000ϫ less than that contained within the pipette (Lohof et al., 1992) . Control experiments using the vehicle solution for RA [0.1% ethanol (EtOH) in DM in pipette] were performed in the exact same manner. Control experiments using DM alone were not performed, as it has been previously shown not to produce growth cone turning (Dmetrichuk et al., 2006) . Isolated neurites were mechanically separated from the cell body using a sharp glass electrode (see Fig. 2 Ai-ii). After transection, processes were permitted to recover and were monitored to ensure continued growth and stability. Growth cone turning in both intact and isolated neurites was then evaluated in the presence of a series of pharmacological agents and growth cone behavior was monitored for at least 1 h.
Chemicals. All chemicals were obtained from Sigma-Aldrich. All-trans RA was prepared in absolute EtOH and diluted in DM to a final concentration of 10 Ϫ5 M (in 0.1% EtOH). Actinomycin D (5 ϫ 10 Ϫ5 M) was used as an inhibitor of transcription, while anisomycin (4.5 ϫ 10
was used as a protein synthesis inhibitor (Hamakawa et al., 1999) . The PKC␣ inhibitor Gö6976 (10 Ϫ5 M) and Ca 2ϩ channel blocker, cadmium (10 Ϫ5 M), were also used. Actinomycin D and Gö6976 were initially dissolved in DMSO, while anisomycin and cadmium were dissolved in water. Dilutions to the final concentrations were performed using DM. For experiments with inhibitors dissolved in DMSO, control experiments with 0.01% DMSO in the bath were also performed.
Analysis. The rate of neurite outgrowth was first monitored for ϳ1 h in the presence of each inhibitor to ensure sustained outgrowth. The average rate of outgrowth for neurites in CM alone was 0.702 Ϯ 0.459 m/ min, and this was not significantly altered by any of the inhibitors. Positive controls for actinomycin D were performed by incubation of cells in CM with 50 M actinomycin D and measuring the maximum neurite length for each cell at 48 h in either DMSO (n ϭ 20) or in actinomycin D (n ϭ 13).
All images were captured and analyzed using Northern Eclipse software (Empix imaging). Unless stated otherwise, all statistical analyses were performed using a one-way ANOVA with a Tukey-Kramer post hoc test (SigmaStat Software). All data are expressed as mean Ϯ SEM.
Results
Pedal A motoneuron growth cones turned toward a gradient of RA We have previously shown that identified VF neuronal growth cones turn toward an exogenous source of both all-trans and 9-cis-RA (Dmetrichuk et al., 2006 . In this study, we have used both identified PeA and VF neurons. The first aim was, therefore, to demonstrate that RA acted as a chemo-attractant to PeA neurites in a similar manner as with the VF neurites. PeA neurons were cultured in CM for a period of 18 -24 h, allowing sufficient time for neurite outgrowth. Application of RA (10 Ϫ5 M) or the control vehicle EtOH (0.1%) was performed in a pulsatile manner using the pipette assay technique. First of all, we demonstrated that application of the EtOH vehicle alone did not produce a positive turning response in the PeA growth cones (Ϫ6.4 Ϯ 7.2°; n ϭ 10) ( Fig. 1 Ai-iii). In contrast, we found that the growth cones of PeA neurons turned toward the gradient of RA (61.5 Ϯ 11.6°; n ϭ 10) ( Fig. 1 Bi-iii). There was no significant difference between the turning response in the PeA growth cones and that of the VF growth cones shown previously (66.9 Ϯ 12.3°; n ϭ 7; p Ͼ 0.05, t test) (Dmetrichuk et al., 2006) . In contrast, there was a significant difference ( p Ͻ 0.001) between the turning angles produced by RA and EtOH in the PeA growth cones.
The RA-induced growth cone turning was independent of transcription and occurred in isolated neurites Most known effects of RA in the developing or regenerating nervous system occur as a result of RA binding to nuclear receptors (RAR/RXR) to activate gene transcription. However, the RA-induced growth cone turning often occurred within minutes of RA application, strongly suggesting that the response may be independent of gene transcription. To determine whether gene transcription plays a role in the RAinduced growth cone turning, a transcription inhibitor, actinomycin D, was used. We chose to use 50 M actinomycin D, as this concentration is effective in cultured Aplysia neurons (Lyles et al., 2006) , and it is known that a lower concentration of 0.8 M is also effective in cultured Lymnaea neurons (Hamakawa et al., 1999) . As a positive control, we demonstrated that inhibition of transcription by culturing PeA neurons in 50 M actinomycin D resulted in significant inhibition of neurite outgrowth (Lovell and Moroz, 2006) , compared with DMSO controls (paired t test, p Ͻ 0.0001; data not shown).
To test the involvement of gene transcription in growth cone turning, we incubated the cultured PeA neurons in 50 M actinomycin D and showed that the transcriptional inhibitor did not inhibit the normal growth cone turning response to exogenously applied RA (63.4 Ϯ 13.4°; n ϭ 7; p Ͼ 0.05) (Fig. 1Ci-iii) . This led us to hypothesize that a local rather than a genomic mechanism may be involved.
To confirm our above finding and to assess whether a local mechanism was involved in the RA-mediated chemoattraction, we took advantage of the ability of molluscan neurites to survive in the absence of the cell body and to continue to grow in their isolated state for up to 48 h (van Kesteren et al., 2006) . In this study, neurites were physically transected from the cell body (Fig. 2Ai,ii) and then allowed to recover from injury. Once it was determined that the transected neurites re- mained viable and continued to grow, they were exposed to a gradient of RA (10 Ϫ5 M) or EtOH vehicle (as control). As with the intact neurites, application of the EtOH vehicle to isolated neurites did not produce positive growth cone turning (Ϫ14.1 Ϯ 7.7°; n ϭ 14) (Fig. 2Ci-iii) . We next showed, for the first time, that the RA-induced chemo-attractive turning also occurred in transected, isolated neurites (57.8 Ϯ 8.4°; n ϭ 17) (Fig. 2 Di-iii, Ei-iii) . Furthermore, we also demonstrated that moving the RAcontaining pipette after the first isolated growth cone turn induced a second change in direction (Fig. 2 Eiv,v) . A significant difference was found between the EtOH and RA conditions ( p Ͻ 0.001). Together, the above data demonstrate that the RAinduced growth cone turning occurs in isolated neurites in the absence of the cell body and thus in the absence of gene transcription (summarized in Fig. 2 B) .
Local protein synthesis was required for RA-induced growth cone turning
The above findings indicate that RA is not acting through nuclear-located receptors to produce growth cone turning in cultured neurons. Our next aim was to determine whether the local growth cone turning response to RA required protein synthesis. The dependency of some growth cone turning responses on local protein synthesis has been well established (Lin and Holt, 2007) , but it is not required for responses to all guidance cues (Roche et al., 2009 ). To determine the role of protein synthesis, we used bath application of the protein synthesis inhibitor anisomycin (4.5 ϫ 10 Ϫ5 M). We first monitored outgrowth for 1 h before the turning assays and demonstrated that the inhibitor alone had no effect on the rate of outgrowth (0.73 Ϯ 0.299 m/min; p Ͼ 0.05, when compared with CM alone). Experiments with anisomycin were first performed in intact neurons, and we found that incubation with anisomycin blocked the normal turning response to exogenously applied RA (6.8 Ϯ 5.8°; n ϭ 11; p Ͻ 0.05) (Fig.  3Ai-iii) . We next used isolated neurites to determine whether de novo protein synthesis was localized to the neurite and/or growth cone. As with the intact neurites, isolated neurites in the presence of anisomycin failed to turn toward the RA gradient (1.2 Ϯ 12.0°; n ϭ 11; p Ͻ 0.05) (Fig. 3Bi-iii) , which strongly suggests that the RA-induced growth cone turning requires de novo local protein synthesis (Fig. 3C) .
The RA-induced turning response was Ca 2؉ -dependent The above data demonstrated that RA induced the growth cone turning via a nongenomic mechanism requiring local protein synthesis. Nongenomic effects of RA have previously been reported, one example being the direct binding of RA to PKC␣ (Ochoa et al., 2003) . PKC␣ has been shown to mediate nongenomic actions of other steroid hormones via modulation of Ca 2ϩ influx (Capiati et al., 2001) , and Ca 2ϩ is well known to be an important signaling molecule in many growth cone signaling pathways (Gomez and Zheng, 2006) . Based on these previous reports, we next tested the possible involvement of PKC␣ and Ca 2ϩ influx in the RA-induced growth cone turning. Experiments with bath application of the vehicle DMSO showed that the average turning angle toward RA (33.6 Ϯ 7.5°; n ϭ 11) was substantially less than previously found in CM only. This suggested that the control vehicle DMSO may have perturbed the turning response to RA. In the presence of the PKC␣ inhibitor Gö6976 (10 Ϫ5 M), the growth cone turning in response to RA (24.1 Ϯ 6.2°; n ϭ 10) was not significantly different ( p Ͼ 0.05) from that in the presence of the vehicle DMSO, suggesting that PKC activation is not involved (Fig. 4 Ai-iii) . However, the turn- ing angle in the PKC inhibitor was significantly less than the turning angle in CM alone ( p Ͻ 0.05) (Fig. 4C) , raising the possibility that disruption of the turning response by the DMSO vehicle may have masked any further inhibition by the PKC antagonist.
We next aimed to investigate a potential role for Ca 2ϩ influx in the RA-mediated growth cone turning response. There are no specific Ca 2ϩ channel blockers that are effective in Lymnaea neurons, so to this end, we used the general Ca 2ϩ channel blocker, cadmium, which has previously been shown to be effective in Lymnaea neurons (Feng et al., 2000; Dmetrichuk et al., 2008) . Again, we monitored neurite outgrowth for 1 h after the addition of cadmium to the bath (10 Ϫ5 M, final concentration) and found that it had no adverse effect on the rate of neurite outgrowth (0.682 Ϯ 0.369 m/min; p Ͼ 0.05). When exposed to the RA gradient in the presence of cadmium, the growth cone turning was significantly reduced (14 Ϯ 11.8°; n ϭ 15; p Ͻ 0.05) (Fig.  4 Bi-iii). These data strongly suggest that Ca 2ϩ influx may be an important requirement for RA-induced growth cone turning (Fig. 4C ).
Discussion
In this study, we have shown that PeA motoneuron growth cones turned toward an exogenous gradient of RA and for the first time in any species, have addressed the subcellular mechanisms that underlie this turning response. The most significant finding of this study is that the RA-induced growth cone turning was independent of transcription and occurred in isolated neurites. We show that neurites physically transected from their cell body retained the ability to turn toward a gradient of RA, with a turning angle that did not differ from intact neurites. Although growth cone turning toward RA occurred in the absence of the nucleus, we did show that the response was dependent on local protein synthesis, as turning was abolished with the protein synthesis inhibitor anisomycin. Other growth cone responses dependent on local protein synthesis include attractive responses to netrin-1 (Campbell and Holt, 2001 ) and BDNF (Yao et al., 2006) . Furthermore, the response of growth cones to Sema3A involves local translation of RhoA (Wu et al., 2005) , while responses to slit2 result in the local synthesis of cofilin-1 (Piper et al., 2006) . However, not all responses to guidance cues depend on local protein synthesis (Roche et al., 2009) , and such differences may depend on organism, neuronal age, and/or other cues normally present in the cell's microenvironment.
Our novel results strongly imply that a local mechanism, operating at the level of the growth cone, is responsible for the RA-induced turning behavior. Classically, the actions of RA have been mediated by the nuclear receptors RARs and RXRs, acting via gene transcription. There is now, however, precedent in the literature for nongenomic actions of RA. Some of these actions likely occur as a result of RA binding to extra-nuclear receptors and involve inhibition of transmitter release (Liao et al., 2004) , activation of ERK (Cañó n et al., 2004) , and increased dendritic growth and translation of GluR1 . There is also evidence in the literature for retinoid receptors localized to axonal (Calderon and Kim, 2007) and dendritic Poon and Chen 2008) compartments, as well as association with dendritic RNA granules . Carter et al. (2008) have recently shown the presence of retinoid X receptors in the growth cones of cultured Lymnaea PeA neurons, but whether or not these receptors are involved in the RAmediated local growth cone turning response is yet to be determined. Other studies have shown that nongenomic effects of RA may occur in the absence of retinoid receptors. For example, RA can rapidly activate CREB (via PKC, ERK, and p90 ribosomal S6 kinase) in human bronchial cells in a manner that is independent of retinoid receptors (Aggarwal et al., 2006) . RA has also been proposed to directly modulate PKC activity, and studies suggest the existence of an RA-binding site on the PKC molecule (Radominska-Pandya et al., 2000; Ochoa et al., 2003) . However, whether RA binding to PKC activates or inactivates the molecule seems unclear and may depend on cell-type and/or concentration (Aggarwal et al., 2006) . In this study, our results with the PKC inhibitor were also somewhat unclear, since the turning response in the presence of the inhibitor was significantly reduced compared with CM alone but was not significantly different to that in the DMSO vehicle control. It should be noted that the turning angle in the vehicle DMSO was substantially (albeit nonsignificantly) reduced compared with CM alone, which might suggest that DMSO, even at a low concentration, disrupts the growth cone's ability to experience the normal chemo-attraction to RA. DMSO is known to have effects on the integrity and stability of cell membranes (Yu and Quinn, 1998) and may affect the growth cones ability to sense guidance cues, masking a possible reduction in response due to the PKC antagonist. Thus, we cannot conclusively rule out the involvement of PKC at this time.
We also showed using cadmium that Ca 2ϩ influx plays an important role in the turning response. This result is not surprising, as Ca 2ϩ influx has been known to contribute to many different growth cone responses (Gomez and Zheng, 2006) . Interestingly, Liou et al. (2005) showed that the effects of RA on transmitter release involved changes in intracellular Ca 2ϩ , although the effect was not inhibited by cadmium, but instead involved release of Ca 2ϩ from intracellular stores. Previous work in our lab showed that cadmium reduced RA-mediated outgrowth over an extended incubation of 72 h . However, in this study, short incubation times in cadmium did not reduce the rate of outgrowth, and thus it is unlikely that cadmium perturbed the turning response by slowing neurite outgrowth. Although it remains to be established what downstream targets are activated by the establishment of this internal Ca 2ϩ gradient, our data show that Ca 2ϩ influx plays a role in the RA-mediated growth cone turning response.
In summary, using physically isolated neurites, we have shown for the first time that the chemo-attractive effects of RA (at least in Lymnaea) involve a novel, localized mechanism that is independent of nuclear-localized receptors and gene transcription. Furthermore, we demonstrated that the RA-induced growth cone turning requires de novo local protein synthesis and Ca 2ϩ influx.
